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We present a study of J= and  (2S) production in p�p collisions, at

p
s = 1:8 TeV with the CDF detector at Fermilab. The J= and  (2S)

mesons are reconstructed using their �+�� decay modes. We have measured

the inclusive production cross section for both mesons as a function of their

transverse momentum in the central region, j�j < 0:6. We also measure the

fraction of events originating from b hadrons. We thus extract individual

cross sections for J= and  (2S) mesons from b-quark decays and prompt

production. We �nd a large excess (approximately a factor 50) of direct

 (2S) production compared with predictions from the Color Singlet Model.

PACS numbers: 13.85.Ni, 14.40.Gx

In high energy p�p collisions charmonium particles predominantly come from prompt

QCD production and the decay of b hadrons [1]. In the Color Singlet Model (CSM) for

charmonium [2] the dominant source of prompt J= mesons is �c production. Other sources

of prompt J= and  (2S) mesons are expected to be negligible. However, we have reported

production cross sections for both J= and  (2S) mesons at
p
s = 1:8 TeV that are higher

than expectations and have a di�erent PT spectrum [3]. Similarly, measurements of the

J= cross section by UA1 [4] at
p
s = 0:63 TeV and the D0 experiment [5] indicate that

the measured transverse momentum (PT ) spectrum of J= mesons is not in agreement with
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predictions for �c and b hadron decays alone. In this paper, we use the silicon vertex detector

(SVX) in CDF to separate prompt  's ( � J= ; (2S) in what follows) from  's from b

hadron decays. We extract the production cross sections for prompt  mesons and �nd

them to be much larger than the CSM predictions.

The CDF detector has been described in detail elsewhere [6]. Muons are reconstructed

by matching track segments found in the central muon system (CMU), which covers the

region j�j < 0:6 [7], to charged particle tracks reconstructed in the central tracking chamber

(CTC). Approximately 60% of the muon tracks also have hits in the silicon vertex detector

which provides measurements in the r-� plane only, resulting in a track impact parameter

resolution of (13 + 40=PT )�m where PT (in GeV=c) is the track momentum transverse to

the beam line. The data sample consists of 17:8 � 0:6 pb�1 of p�p collisions at
p
s = 1:8

TeV from the 1992-93 data taking period, collected using dimuon triggers in the CDF three-

level trigger system. The Level 1 dimuon trigger requires two track segments in the CMU,

separated by at least 5� in azimuth. The trigger e�ciency for each muon at Level 1 rises

from 50% at PT = 1:6 GeV/c to 90% at PT = 3:1 GeV/c with a plateau of 94%. The Level

2 trigger requires that at least one of the muon track segments is matched in � to a track

found in the CTC by the CFT [8], a hardware track-�nding processor. The e�ciency for

�nding a track with the CFT rises from 50% at PT = 2:7 GeV/c to 90% at PT = 3:1 GeV/c

and reaches a plateau of 93%. The Level 3 trigger requires a pair of oppositely-charged

muons after full track reconstruction.

A period with reduced Level 3 tracking e�ciency is excluded from the J= analysis where

the data sample is large, but is included in the  (2S) analysis with a correction derived from

the J= sample. The considered integrated luminosity is 15:4 pb�1 and 17:8 pb�1 for the

J= and  (2S) sample, respectively. When the fraction of  's from b decays is measured,

an additional � 90 pb�1 of data from the 1994-95 Collider Run is added to the sample.

This data sample is not included in the cross section measurement because the trigger and

reconstruction e�ciencies are still under study.

Reconstructed muons are required to have CMU hits consistent with the CTC track.
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The CTC track is extrapolated to the CMU chambers and is required to lie within 3�

of the CMU hits, where � is the uncertainty in the extrapolated position due to multiple

scattering. The calorimeter tower in front of the muon chamber segment is required to have

non-zero energy deposition. To remain in the region of good trigger e�ciency, both muons

are required to have PT > 2:0 GeV/c, and one muon is required to have PT > 2:8 GeV/c.

The two muon tracks are �t with the requirement that they originate from a common point.

We require that the one degree-of-freedom �t have �2 < 10. Where available, we use SVX

information to improve the track measurement. To remain in the region of good acceptance

to  decays, the  candidate is required to satisfy j�j < 0:6 and PT > 5 GeV/c. The

resulting mass distributions are shown in Fig. 1. There are approximately 22100 J= and

800  (2S) candidates.

The number of  candidates in the data is determined by �tting the �+�� invariant

mass distribution with templates generated from Monte Carlo simulation of  ! �+�� and

 ! �+��
 decays. The muon momenta are smeared to simulate the detector resolution.

Since the resulting �+�� invariant mass resolution is a function of the transverse momentum

of the  , the data are �t separately in each bin in PT ( ). To correct for the trigger e�ciency

(�trigger), which is a function of the muon PT , each event is weighting by 1=�trigger, and the

mass distribution is �t to the signal shape �xed from the simulation plus a linear background.

The  di�erential cross section is de�ned by

d�( )

dPT
� B( ! �+��) =

N( )

� � R Ldt ��PT

where N( ) is the number of  candidates in the bin corrected for the trigger e�ciency,

R Ldt is the integrated luminosity, �PT is the size of the PT bin and � is the product

of the detector and kinematic acceptance, the e�ciencies of the event reconstruction and

event selection requirements, whereas B( ! �+��) is the branching fraction for the decay

 ! �+��.

The acceptance is determined from Monte Carlo simulation.  events are generated with

a 
at distribution in PT , � and �. A parameterized detector simulation is used, and the
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kinematic requirements are then applied to the generated events. The acceptance is found

to rise from 9% at PT ( ) = 5 GeV/c to a plateau value of 28% for PT ( ) > 14 GeV/c.

The acceptance also depends on the  polarization. Taking �� to be the angle between

the  direction in the lab frame and the �+ direction in the  rest frame, the angular

distribution of the decay will have the form 1 + � cos2 ��, where � (�1 � � � 1) describes

the polarization of the parent  . The magnitude of the uncertainty on the  acceptance

will be di�erent for prompt  's and  's from b hadron decays. Prompt  's can in principle

be fully polarized. From a Monte Carlo simulation of b hadron decays, we estimate that a

 hadron with a polarization of +1 (�1) in the b hadron rest frame will have an e�ective

polarization of only 0:143 (�0:219) in the  rest frame. We assign half of the maximum

change in the acceptance (corresponding to changing � between �1 and +1) in each PT bin

as the uncertainty in each case. This uncertainty varies with PT ( ), from 15% at PT ( ) = 5

GeV/c to 5% at PT ( ) = 20 GeV/c.

The e�ciency of the CMU segment reconstruction is measured using dimuon events

recorded with a single muon trigger to be 97:2 � 1:2%. The e�ciency of the CTC track

reconstruction is measured by embedding hits from Monte Carlo-simulated particle tracks

in data events, and attempting to reconstruct the added track. This e�ciency is found

to depend on the number of tracks near the embedded track. Only approximately 3%

percent of the data have tracks where the e�ciency to �nd the track is less than its plateau

value of 98:4%. The average e�ciency for reconstructing both CTC tracks is 96:4 � 2:8%.

The e�ciency of the CMU-CTC matching requirements is estimated from the number of

J= events before and after the matching requirements. The requirements are 90:5 � 1:0%

e�cient.

Systematic uncertainties on the trigger e�ciency are estimated by varying the functional

form of the trigger e�ciency, which is determined from dimuon events recorded with a

single-muon trigger. Variation of the Level 1 trigger e�ciency parameterization causes an

uncertainty of 6.4%(6.1%) in the integrated J= ( (2S)) cross sections. Similarly, there

is a 1:1% (1:0%) systematic uncertainty in the J= ( (2S)) cross section from the Level
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2 trigger e�ciency. Finally, the Level 3 trigger e�ciency was estimated by examining the

number of reconstructed muons found by the online requirements. These requirements are

less e�cient in the runs excluded from the J= analysis, resulting in di�erent e�ciencies for

the two states. The J= e�ciency is 97:0 � 0:2%, and the  (2S) e�ciency is 92:3 � 0:2%.

The integrated cross sections are

�(J= ) � B(J= ! �+��) = 17:4 � 0:1 (stat)
+2:6

�2:8
(sys) nb

�( (2S)) � B( (2S)! �+��) = 0:57 � 0:04 (stat)
+0:08

�0:09
(sys) nb

where �( ) � �(p�p!  X; PT ( ) > 5 GeV=c; j�( )j < 0:6).

We extract the fraction of  's that originate from b hadrons using  candidates with

both muons reconstructed in the SVX. The two muons are constrained to come from the

same point which we refer to as the secondary vertex, to be distinguished from the primary

vertex in the event. We measure the projection of the decay length onto the  transverse

momentum, Lxy. This is converted into the proper lifetime of the assumed b hadron parent

by c� = Lxy=[(PT ( )=m( ) � Fcorr], where m( ) is the mass of the  state and Fcorr is a

correction factor, estimated from Monte Carlo simulations, that relates the boost factor �


of the  to the boost factor of the parent b hadron. Details of this procedure can be found

in the measurement of the average b hadron lifetime [9].

The prompt component of the signal is parameterized by the resolution function, cen-

tered at c� = 0. The component of the signal due to b hadron decays is represented by

an exponential of lifetime c�b, convoluted with the resolution function. In this analysis we

remove all track selection requirements described in [9] that may potentially a�ect the iso-

lation of the  meson and thus the extracted fraction of  's originating from b hadrons. As

a result, the resolution function is augmented with two additional exponential tails. The

tails constitute about 2% of the total number of candidates. We �x c�b to 438�m, as found

by the CDF inclusive b hadron lifetime measurement [9]. The lifetime and normalization of

the remaining exponentials are left as free parameters in the �t.

The data c� distribution is �t in each PT ( ) bin using an unbinned log-likelihood �t.
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The background fraction in the signal region is allowed to vary within the uncertainty in

the normalization extracted from the  sidebands. The resulting fraction of  candidates

originating from b hadron decays, fb(PT ), is shown as a function of PT ( ) in Fig. 2. Several

variations in the �tting technique produced an average relative variation of �0:9%, a value
taken to be the systematic uncertainty on fb due to the �tting procedure. Varying the

average b hadron lifetime by one standard deviation changes fb by �0:7%.
The cross section for  's from b hadron decays is extracted by multiplying the fraction

fb(PT ) with the inclusive  production cross section. The cross sections for  's from b

hadron decays are shown in Fig. 3. The theoretical predictions were calculated by generating

b quarks according to the NLO QCD predictions [10], using a scale � = �0 �
q
m2
b + P 2

T and

mb = 4:75 GeV/c2. The b quark is fragmented into b hadrons using Petersen fragmentation

[11] with the fragmentation parameter, �b, set to 0.006. The b hadron is decayed to a  X

with a parameterization of the momentum distribution measured by the CLEO experiment

[12]. Details of this procedure can be found in reference [13]. The data are higher than the

QCD prediction by a factor 3-4 depending on PT ( ). The uncertainty in the theoretical

cross section (shown as the dashed and dotted curves in Fig. 3) is estimated by varying the

scale � to �0=4 and 2�0 and �b to 0:004 and 0:008.

Multiplying the inclusive  cross section with the factor (1 � fB) results in the cross

section for prompt  production, displayed in Fig. 4. Both cross sections are higher than

theoretical predictions based on the Color Singlet Model [14] by a factor � 6 for J= 's and

a factor � 50 for  (2S). In the case of  (2S) mesons, where the transition �c !  (2S)

is kinematically forbidden, the interpretation of this prompt component is straightforward,

as being due to direct  (2S) production. In the case of J= production, one must decon-

volute various sources of prompt J= mesons: the  (2S)! J= transition, the �c ! J= 

transition and direct J= production. A measurement from the �c ! J= 
 transition is

described in [15]. A recent model that attempts to explain this discrepancy with theoretical

expectations is the Color Octet Model [16]. In this model, the shape of the cross section

as a function of PT ( ) is calculated perturbatively. However, the normalization depends on
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non-perturbative matrix elements for which there exist only order of magnitude predictions.

These amplitudes can in principle be measured by �tting the shapes calculated in [16] to

the data.

In conclusion, we have measured the inclusive J= and  (2S) production cross sections.

We have separated prompt  's from  's originating from b hadron decays. The b component

is a factor of 3-4 higher than theoretical predictions. The prompt component is also higher

than expectations from the Color Singlet Model. For  (2S) mesons, the prompt data are

more than an order of magnitude higher (approximately a factor 50) than the theoretical

calculations. A possible explanation for this very large excess may come from the Color

Octet Model introduced recently.
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FIG. 1. Invariant mass distribution of the dimuon pair for (a) J= and (b)  (2S) candidates,

after all selection requirements.
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FIG. 2. The fractions of J= (circles) and  (2S) (triangles) originating from b-hadron decays.

The error bars indicate the combined statistical and systematic uncertainties on the fractions.
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FIG. 3. The di�erential cross section times branching ratio, B( ! �+��), for j� j < 0:6 for  

mesons originating from b hadron decays. The solid lines indicate the theoretical predictions based

on perturbative QCD. The dashed lines are based on the same calculation with the QCD scale, the

mass of the b quark and the Petersen fragmentation parameter varied within their uncertainties.
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FIG. 4. The di�erential cross section times branching ratio (B( ! �+��)) for j� j < 0:6 for

prompt  mesons. The vertical error bars are the statistical and the PT -dependent systematic

uncertainties, added in quadrature. Circles: J= ; Triangles:  (2S). The lines are the theoretical

expectations based on the Color Singlet Model.
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